Aliphatic polycarbonates have emerged as promising polymer electrolytes due to their combination of moderate ionic conductivity and high lithium transference numbers. However, the mechanical properties of the aliphatic polycarbonates polymer electrolytes are usually weak due to the low molecular weight achieved and plasticization effect of the added lithium salt. In this article, we present a copolymer having poly(ethylene oxide) segments linked by carbonate groups with cross-linkable methacrylic pendant groups. Once the polymer and the lithium salt were mixed, the poly(ethylene oxide carbonate) was cross-linked by UV light producing a free standing solid polymer electrolyte (SPE). Different SPE formulations were designed by varying the LiTFSI concentration within the polymer matrix showing the highest ionic conductivity of 1.3·10 -3 S cm -1 and a lithium transference number of 0.59 at 70 °C. 7 Li solid-state NMR experiments were used to correlate the lithium cation environment and dynamics with ionic conductivity. At the same temperature the electrochemical stability window was analyzed, and a reasonable value of 4.9 V was achieved. The study was complemented by mechanical and thermal stability measurements. Finally, the optimized UV-crosslinked poly(ethylene oxide carbonate) was tested as electrolyte in lithium metal symmetric cell at 70 °C, showing low over-potential values and a stable solid electrolyte interphase layer.
Introduction
Solid polymer electrolytes (SPEs) are desirable for the new generation of flexible and light-weight energy storage systems [1] [2] [3] . The main challenges of polymer electrolytes are to improve the poor electrochemical properties such as the limited ion conduction, poor lithium transference number and electrochemical window [4] . Among all matrixes proposed for SPEs, poly(ethylene oxide) (PEO) has been irreplaceable since the 1970s, due to its ability to solvate several salts, high thermal stability, mechanical properties, compatibility with metal electrodes and high values of ionic conductivity [5] [6] [7] . Different strategies have been developed to improve the performance of PEO-based SPEs: incorporation of different types of salt [5] , chemical functionalization [8] , single-ion conducting polymer electrolytes [9, 10] , block copolymers [9, 11] , introduction of inorganic nanoparticles or nanofillers [12, 13] , and cross-linked PEO networks [14] . Nevertheless, the excellent electrochemical properties of PEO SPEs need to be further improved in particular with respect to the lithium transference number (aprox. 0.2) and electrochemical window (4.5 V). In recent years, research has been focused on exploring alternative chemistries for SPEs [15] ; including, polycarbonates, polynitriles, polyalcohols or polyamines.
In particular, carbonate-containing aliphatic polymers have shown excellent electrochemical properties, which directly affect the final battery performance [16, 17] . Lithium transference number and electrochemical stability seem to be significantly enhanced with respect to PEO-based SPEs while maintaining similar ionic conductivity values. This has opened the possibility for room temperature operation solid state lithium batteries [18] . This improvement in electrochemical properties is normally attributed to the targeted coordination between the lithium cation and carbonyl group [19] [20] [21] , which attributes in the dissociation of Li based salt. Nevertheless, generally, when low concentration of LiTFSI is included in the formulation of polycarbonate-SPE, it also acts as a plasticizer weakening its mechanical properties [22] . Therefore, if a true solid SPE film is desired, the mechanical stability of the polycarbonate SPE need to be improved. For this reason, several strategies have been proposed to surpass the poor mechanical stability of aliphatic polycarbonates such as introduction of cellulose nanofibers [23] , Ti2O nanoparticles [24] , and cross-linking by γ irradiation [25] .
In the present work, we present a cross-linkable poly(ethylene oxide carbonate) polymer precursor as a promising material to obtain free-standing SPE [26] . In the earlier work, the importance of ethylene oxide units in a polycarbonate backbone was showed as a way to improve the ionic conductivity of polycarbonates.
However, the poor mechanical properties had to be improved in order to evaluate the performance in a battery. Therefore, the chemical structure of poly(ethylene oxide carbonate) was modified in this work by incorporating a methacrylic diol in the polycondensation synthesis. In a post-polymerization, the methacrylic functional polycarbonate was irradiated by ultraviolet light, obtaining a free-standing membrane. Different SPE formulations were designed with different LiTFSI concentrations, and the effect of the salt concentration on the lithium ionic conductivity, lithium transference number, lithium diffusion, environment and dynamics were studied. After analyzing the electrochemical window, the performance of the SPE (30 wt% LiTFSI) on a symmetric cell was investigated at 70 °C, showing low over-potential and stable solid electrolyte interphase layer values.
Experimental

Materials
Dry dimethyl carbonate (99+ %) (DMC) and 4-dimethylamino pyridine (DMAP) (99%) were purchased from Acros Organics. DMAP was also purchased by Fisher Scientific and was dried applying vacuum for 4 h at room temperature prior to use. Poly(ethylene glycol) (Mn 1,500 g mol -1 ) was supplied by Fisher Scientific and was dried by azeotropic distillation (60 °C) in toluene for 8 h. Lithium bis(trifluoromethane)sulfonimide (LiTFSI) (99.9%) was supplied from Solvionic and the photoinitiator, 2-hydroxy-2-methylpropiophenone (DAROCUR), from Merck. Tetrahydrofuran (GPC grade) was obtained from Scharlab, acetonitrile (ACN) (HPLC grade), diethyl ether (Et2O) (Extra Pure, SLR, Stabilised with BHT) and dichloromethane (DCM) (Certified AR for Analysis) from Fisher Scientific, toluene (HPLC grace) from Merck, and deuterated chloroform (99.8%) from Deutero GmbH.
Synthesis of diol with a pendant methacrylic group (bis-MPAmethracrylate)
Bis-MPA-methacrylic was synthesized in three steps following previously described work [27] . In the first step, a mixture of bisMPA (10.0 g, 1 equiv.), 2,2-dimethoxypropane (13,8 mL, 1.35 equiv.), and PTSA (0.7 g 5 %wt.) was stirred in 50 mL of acetone overnight at room temperature. To the reaction mixture 1 mL of a solution 1:1 NH4OH 30%:EtOH was added. The reaction mixture was evaporated to dryness and the residue was redissolved in 150 mL of DCM and rinsed three times with distilled water (20 mL), dried with Na2SO4.
The solution was filtered and dried under vacuum. A white powdery residue was recovered 12 g (93%).
The second step consisted on the esterification of protected diol. To a solution of protected acid (3 g, 1.0 equiv.) in 150 mL of anhydrous DCM, 2-hydroxyethylmethacrylic (2.24 g, 0.9 equiv.) was added and the reaction mixture was kept 15 min in an ice bath. DIC (2.39 g, 1.1 equiv.) and DMAP (0.21 g, 0.1 equiv.) were then added and stirred for 48 h at room temperature, letting the ice melt slowly. After the reaction completion, the reaction mixture was filtered, to eliminate the urea salts precipitated during the reaction. The product containing filtrate was diluted with extra 250 mL of DCM and rinsed 3 times with 100 mL of water. The organic phase was dried over Na2SO4, and concentrated. The concentrated product was loaded onto a silica gel column and purified by flash column chromatography using a mixture of hexanes/EtOAc (7:3 v/v), Rf ¼ 0.69, to give 6.65 g (84%) as yellowish liquid.
The third and last step is the deprotection of the acetonide moiety. 1.9 g of the protected diol methacrylic were added to 400 mL of MeOH, together with 9.5 g of DOWEX® 50W-X8, and let stirred overnight at room temperature. Filtration of the suspension and drying under vacuum of the solvent lead the diol methacrylic as pure compound in quantitative yield (~100%). Rf ¼ 0.05 hexanes/ EtOAc (7:3 v/v).
Synthesis cross-linkable poly(ethylene oxide34 carbonate) with 10 wt% MA: PEO34-PC
wt% MA
The synthesis of UV-curable polycarbonate was performed using the same synthetic process as previously described [28] . The following amounts of reactants were used in the synthesis: DMC (1.5 mL, 17.84 mmol, 8 eq.), diols (1 eq.): PEG1500 (2 g, 1.33 mmol, 0.6 eq), and methacrylic diol (MA) (0.22 g, 0.9 mmol, 0.4 eq), and DMAP (2.7 mg, 0.0223 mmol, 0.01 eq.). 10 wt% of UV curable monomer respect to the overall diol used was incorporated. It was necessary to add few ppm of hydroquinone in order to prevent the polymerization from the double bonds during the polycondensation steps. During the first 7 hours of the polycondensation, the reaction was maintained at 130 °C and later, the temperature was increased up to 170 °C and high vacuum was applied overnight. Once the reaction was stopped, the polymer was dissolved in dichloromethane and powdered in cold diethyl ether. The disappearance of the monomers was confirmed by 1 H NMR. Moreover, the double bonds of the methacrylic diol could be determined by 1 
Preparation of ultraviolet cross-linked polymer electrolytes: PEO34-PC 10 wt% MA with LiTFSI
For the preparation of ultraviolet cross-linked SPEs, the polymer, the salt (LiTFSI), and the UV initiator (2-hydroxy-2-methylpropiophenone (1 wt% respect to the initial MA amount)), were dissolved in ACN. In each SPE a specific LiTFSI concentration was added: 0 wt%, 15 wt%, 20 wt%, 25 wt% 30 wt%, 40 wt%, 50 wt% and 80 wt%. Once the solutions were stirred during 10 minutes, they were cast onto a silicon mold. The solvent was removed at room temperature and later by applying high vacuum. Finally, the films were passed 3 times from a xenon arc lamp (Helios Italquartz, 45 mW cm -2 ). Before performing any electrochemical characterization, the SPEs were first dried under vacuum at room temperature during 24 h, and after, it was completed in an oven inside an argon-filled glove box, increasing the temperature up to 60 °C and applying vacuum for 24 h.
Characterization methods
1 H and 13 C Nuclear Magnetic Resonance (NMR) spectra were recorded on Bruker spectrometers at 400
MHz at room temperature, using deuterated chloroform. Diffusion measurements were carried out on a 300
MHz Bruker Advance III spectrometer with a Diff50 pulsed field gradient probe and a stimulated echo pulse sequence. Relaxation measurements were carried out on the same hardware with a saturation recovery Differential Scanning Calorimetry (DSC) was performed on a DSC Q2000 differential calorimeter (TA Instruments). All the experiments were performed under ultrapure nitrogen flow. Samples of 5 mg were used. Measurements were performed by placing the samples in sealed aluminium pans. The samples were first heated at a rate of 20 K min -1 , from 25 °C to 100 °C and they were left 3 min at 100 °C to avoid the influence of thermal history, in order to be able to compare the crystallization/melting temperature afterward. Subsequently, the sample was cooled down to -70 °C at a rate of 20 K min -1 and then heated to 100 °C at 20 K min -1 after waiting at -70 °C during 3 min.
The mechanical properties were analyzed by rheological measurements using an AR-G2 rheometer (TA Instruments) with parallel geometric plates (diameter 12 mm). Angular frequency sweeps were performed in the range of 6 2 < ω < 6 -2 rad s -1 at different temperatures (30 °C, 70 °C and 100 °C) in the linear viscoelastic regime. The time required for a frequency sweep was 5 min. Each measurement was repeated at least two times observing a good reproducibility. On the other hand, the thermogravimetry analysis was performed at N2 atmosphere at 10 K min -1 in Q500 TA Instruments.
All the electrochemical characterization was carried out in a VMP3 (Biologic, Claix, France) potentiostat.
Ionic conductivity (σ) of the polymer electrolytes was determined by AC impedance spectroscopy over the frequency range from 100 mHz to 1 MHz with an amplitude of 10 mV. The conductivities were analyzed in a temperature range down from 100 °C to 25 °C. All cells were assembled in an argon-filled glove box (MBraun). The solid polymer electrolytes were closed in CR2032, sandwiched between two stainless steel (SS) electrodes. In all the cases the average surface area of the electrode is 2.01 cm 2 . Lithium transference number was calculated based on Bruce and Vincent method at 70 °C [29] . The electrolytes were sandwiched between two lithium disks in CR2032. Before the analysis, the cells were left to stabilize at 70 °C for 24 h.
The lithium ionic conductivity was calculated by multiplying the total ionic conductivity with lithium transference number at 70 °C [30] . Electrochemical stability window was determined by applying cyclic voltammetry (CV) of the polymer electrolyte at 70 °C. The anodic limit was evaluated between open circuit potential (OCV) and 6 V vs. Li + /Li at a constant rate of 0.5 mV s -1 . On the other hand, the cathodic scan was determined between OCV and -0.5 V vs. Li + /Li using the same scan rate. Before performing the experiment, the electrolytes were left stabilizing for 24 h at 70 °C.
Symmetric cell test was performed at 70 °C after stabilization at that temperature during 48 h. The SPE was sandwiched between two lithium metallic dicks. The effect of change of current density on the over potential and solid electrolyte interphase layer is analyzed.
Results and discussion.
3.1. Synthesis and physicochemical characterization of cross-linked polycarbonate: PEO34-PC 10 wt% MA.
Based our previous work, we observed that both structures (ethylene oxide and carbonyl groups) play an important role in the electrochemical behaviour [26] . Specially, the polycarbonate with 34 ethylene oxide units gave reasonable improved values. However, the low molecular weight of the polymer and the plasticizing ability of LiTFSI lead in poor mechanical properties. Therefore, in this work, we have incorporated cross-linkable methacrylic groups in order to developed a free standing SPE, based on After ultraviolet treatment, the PEO34-PC copolymer became insoluble in common organic solvents.
Furthermore, FTIR-ATR was used to investigate the chemical nature of the cross-linking reaction. It has to be mentioned that this analysis was carried out before the addition of LiTFSI. FTIR-ATR analysis of PEO34-PC 10 wt% MA, Figure 1a , confirmed the disappearance of double bonds, in 1717 cm -1 and, besides, new bands were described; 1680 cm -1 , 720 cm -1 , and 700 cm -1 , corroborating the formation of the cross-linked network due to the reactivity of the methacrylic units. Additionally, we performed DSC analysis to study the effect of the cross-linked network on the thermal properties of PEO34-PC 10 wt% MA, as it can be observed in the supporting information, Figure S2 . The glass transition of the non-cross-linked to the cross-linked network was compared; the glass transition of the non cross-linked polymer was found to be -55 °C, whereas the glass transition of cross-linked polymer electrolyte was -45 °C. Besides, the enthalpy of melting is maintained, nonetheless, a different crystal formation can be observed from the DSC traces. wt% MA containing 30 wt% of LiTFSI. As can be observed from the figure, the storage modulus of the material is above the loss modulus at all temperatures, which means that the polymer is in the rubbery plateau region, confirming a three-dimensional network. Nevertheless, G' and G'' values depends on frequency and temperature, which could be argued with the remaining methacrylic groups after the postpolymerization, when LiTFSI is added in the system. All in all, the rheological experiments confirmed the solid nature of the free standing SPE membrane even at high temperatures. Additionally, the thermal stability was studied by thermogravimetic analysis, Figure S3 . The onset temperature (Tonset) for PEO34-PC 10 wt% MA containing 30 wt% of LiTFSI was found to be 275 °C. 
Electrochemical characterization of the cross-linked PEO-PC polycarbonate SPEs
First, the effect of methacrylic content in the copolymer, which should affect the cross-linking density of SPEs on ionic conductivity, was evaluated. Thus, PEO34-PC copolymers with 5, 10 and 20 wt% of methacrylic monomer and 30 wt% of LiTFSI were investigated. Even though 5 wt % methacrylic monomer gives slightly higher ionic conductivity (3.6·10 -5 S cm -1 at room temperature), 10 wt% of methacrylic diol was observed to be the minimum amount to succeed in obtaining a free standing SPE. Besides, the ionic conductivity decreases from 3.2·10 -5 S cm -1 with 10 wt% MA to 9.4·10 -6 S cm -1 with the addition of 20 wt% of MA at room temperature. Therefore, the polymer with 10 wt% of methacrylic monomer was chosen for further studies.
Second, electrochemical properties were investigated varying the LiTFSI concentrations in the polymer with 10 wt% methacrylic diol, with the aim of determining the optimum composition for testing in lithium-based battery. Initially, the salt concentration was varied from 15 wt% to 80 wt% (Figure 3a) . 
network, compared with 3.7·10 -5 S cm -1 for the non-cross-linked PEO34-PC at ambient temperature, that we previously reported [26] . Besides, the ionic conductivity showed at 70 °C is 1.3·10 -3 S cm -1 . The trend with cross-linked SPEs is comparable to the case of non-cross-linked ones; when the salt concentration is lower than 30 wt% of LiTFSI, the crystallinity is pronounced, as shown in DSC analysis, Figure 3b , and these crystalline domains restrict the ion conduction. Therefore, the ion movement is increased while the crystallinity is suppressed, the case of 30 wt% of LiTFSI. Besides, if the salt concentration is increased more than 30 wt%, the ionic conductivity decreases due to the increase on the glass transition temperature. With the high amount of LiTFSI, 80 wt%, the glass transition increases more than 10 °C respect to 30 wt% of LiTFSI, which provokes that the ionic conductivity decreases one order of magnitude. This ionic conductivity behaviour has more similarity to PEO based SPE rather than polycarbonate SPE. In the later case, a higher salt concentration, generally increases the ionic conductivity [22] . the highest value of 0.59 for the SPE containing 30 wt% of LiTFSI (experimental results can be seen in the supporting information, Figure S4 ). This value compares favourably with PEO-based SPE with 30 wt% LiTFSI, which is close to 0.17. This clearly shows the previous observations of other authors on the favourable effect of carbonyl groups on the lithium transference number [19] ; the carbonyl group help to dissociate the LiTFSI, leading to favourable lithium mobility. This optimum value of 30 wt% LiTFSI can be discussed with the ideal balance of Li cation and the amount of carbonyl groups on the system: i) a lower concentration of salt than 30 wt% LiTFSI, can lead in free carbonyl groups and also, in lower cations in the systems, and ii) a system with higher LiTFSI concentration, not all the Li cations can be coordinated by carbonyl moieties and they will coordinate with ethylene oxide units. Therefore, the lithium transference number will decrease.
Using this lithium transference values and the total ionic conductivity, we could calculate the ionic conductivity of the lithium cation conductivity at 70 °C, Lithium ionic conductivity
Lithium ionic conductivity/S cm -1
7 Li solid-state NMR experiments were used to investigate the lithium cation environment and dynamics, and their dependence on the LiTFSI salt content. Pulsed field gradient diffusion measurements were used to measure the 7 Li self-diffusion coefficients, Figure 5 . These data show a clear trend of decreasing lithium cation diffusion coefficients as the salt content is increased. Faster timescale, shorter-range dynamics were also probed via 7 Li T1 relaxation measurements, which were fitted using the same method as outlined in our previous publication [26] . The resulting parameters are shown in Table 1 
Electrochemical behaviour Li cell: PEO34-PC 10 wt% MA 30 wt% LiTFSI
To further confirm the viability of the SPE in Li-based cells, lithium symmetric cells were assembled and cycled at different current densities at 70 °C, Figure 8 . At 0.1 mA cm -2 , the cell over-potential is around 10-50 mV which is comparable with state-of-the-art polymer electrolytes commonly used in the Li-based symmetric cells [31] . Increasing the applied current density from 0.1 mA cm -2 to 0.5 mA cm -2 , the overpotential of the symmetric cell also increased to 200 mV. The increased cell over-potential is due to the kinetics limitation of the Li charge transfer in the SPE and/or the solid electrolyte interphase (SEI) layer of Li/electrolyte. The impedance spectroscopy showed no significant change on the resistance of the SEI (corresponds to the first semicircle at high frequencies) with the variation on current density at the Li stripping/plating process. Besides, the second semicircle that is observed in Nyquist plot at low frequencies can be related to the mass transfer process. 
Conclusions
Free-standing solid polymer electrolytes were successfully developed by incorporating 10 wt% of methacrylic monomer into the poly(ethylene oxide carbonate) main chain. These membranes showed
promising electrochemical values, such as high lithium ionic conductivity and transference number, 7.4·10 -4 S cm -1 and 0.59 respectively, at 70 °C with 30 wt% of LiTFSI. 7 Li NMR showed a change on coordination environment while LiTFSI concentration is varied, which can be understood the ionic conductivity trend. The test of this SPE formulation into a lithium symmetric cell proved the stability of the membrane against lithium metal. Moreover, the wide electrochemical stability opens opportunities to employ the membrane in different Lithium battery technologies.
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